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Abstract 
The viticultural industry is becoming an 
increasingly significant part of the Australian 
agricultural sector, with gross earnings of over $4 
billion in 2002. Expansion of the industry in the last 
decade has been rapid, however its heavy reliance on 
irrigation has resulted in further expansion in many 
wine growing regions being limited by the availability 
of water. This problem is not confined to the viticultural 
industry, with ever increasing pressures on water 
resources worldwide. As demands for water continue 
to rise, new strategies to meet demands must be 
adopted. One of the strategies being increasingly 
employed is the recycling of wastewaters for a number 
of applications such as irrigation and industrial uses. 
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The use of recycled water for vineyard irrigation provides a number of benefits. 
Among them are the reduced demands on potable supplies, reduced waste discharges to 
suiface waters, and the opportunity for expansion of production. Recycled waters 
however, contain constituents which have the potential to cause deleterious effects to 
both production and the environment. Therefore, the u.se of recycled water for irrigation 
requires targeted monitoring and management to ensure the long term sustainability of 
both the vineyard and the surrounding environment. Traditional monitoring techniques 
including water quality monitoring and soil testing can be complimented by new 
technologies and techniques which provide large quantities of information with 
relatively less labor and time. Such techniques can be used to monitor the vineyard 
environment to identify impacts arising from management practices, allowing vineyard 
managers to adjust managementfor sustainable production. 
Introduction 
The world's limited freshwater resources cross many political boundaries, resulting 
in a long history of dispute over ownership and management of these resources. Indeed, 
water resources have often been the weapon, tool, or target in war [1]. In recent years, 
several major water assessments have been undertaken, including the Comprehensive 
Assessment of the Freshwater Resources of the World [2]. 
Irrigated agriculture accounts for 85 percent of all water consumed [3]. In 1999 
alone, irrigation consumed some 2500 Ian3 worldwide. As human pressures on our 
limited water resources increase, alternative sources of water, such as wastewater, are 
becoming more frequently employed to meet demand. While the recycling of wastewater 
is neither new nor novel, there has been an increasing realisation in many parts of the 
world that wastewater must not be viewed as a liability, but rather, a valuable resource. 
Recycled water is used throughout the world for a number of applications, including 
agricultural irrigation, landscape irrigation, environmental and ecosystem restoration, 
groundwater recharge, industrial processes, and non-potable urban reuse [1J. 
In Australia in recent years, there has been a significant increase in the recycling of 
wastewaters from municipal, agricultural, and industrial sources to land based 
applications. Results of a recent survey by the Australian Academy of Technological 
Sciences and Engineering (ATSE), presented in Table 1, indicate that an "average of 
9.1 % of municipal wastewaters were recycled in Australia in 200 112 [4]. 
In many cases, such practices have arisen from the need to supplement existing 
limited water supplies amidst increasing demands. Such practices have been reinforced 
by the stringent standards applied to discharging wastes to surface waters. In Victoria for 
example, State Environment Protection Policies (SEPP's) state that wastewater should 
be disposed of to land wherever "practical and environmentally beneficial". Discharge to 
water requires that proponents first demonstrate to the EPA that disposal to land is not 
practicable and that the discharge would not adversely affect identified beneficial uses in 
the water course [5]. Such policy has arisen from recognition of the need to protect 
natural waters from the deleterious impacts of wastewater discharges. Reuse options 
such as wastewater irrigation, however, cannot be considered as viable alternatives 
unless they can be sustained, as land degradation is not considered an acceptable 
substitute for other forms of pollution (eg. surface waters) [5]. 
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Table 1. Recycling from sewerage treatment plants in Australia, 2001-2. Adapted from results of a 
survey undertaken by the ATSE [4], 
Statel Eff1uent Effluent Effluent 
Territory produced recycled recycled 
GUyr GL/yr % 
OLD 339'" 38'" 11,6 
VIC 448 30,1 4,6 
NSW 694 61,5 7.2 
TAS 65 6,2 2,3 
SA 101 15,2 10,0 
WA 126 12.7 na 
NT 21 1.1 5.0 
ACT 30 1.7 0.8 
Australia 1824 166.5 9.1 
* subject to revision 
The Australian viticultural industry: Issues and management 
The first grape cuttings and seeds were brought to Australia by the First Fleet (1788) 
and established at Farm Cove, now the site of the Sydney Royal Botanic Gardens. By the 
1830's the interest in grape production gathered momentum, with commercial vineyards 
established in the Hunter Valley in NSW (eg. Dalwood in 1830), the Yarra Valley in 
Victoria (eg, Yering in 1838), and the Adelaide and Southern Vales districts of South 
Australia in 1836 [7]. 
Until the 1880's, commercial viticulture was confined to areas with sufficient 
rainfall to provide for viable production, however, with the introduction of irrigation, 
viticulture expanded into arid and semi-arid regions. This expansion was supplemented 
further by the Government-sponsored soldier settlement schemes following both World 
Wars. By 1988, approximately 62% of total vineyard area within dryland districts was 
permanently irrigated [7]. 
Rapid expansion of the industry in recent years has seen the total area of vines 
within Australia grow to over 158 000 hectares, In South Australia, the most rapidly 
expanding wine growing state of Australia, the total area under vines increased by 53% 
between 1998 and 2002. Vineyard distribution and outputs in 2002 are summarised in 
Table 2. The gross value of both domestic wine sales and wine exports for Australia in 
2002 was just over $4 billion [8]. 
This rapid expansion presents many challenges and opportunities. Among the 
challenges are the issues of limited water supplies and the rising costs of irrigation water. 
Irrigation is considered to be one of the most important issues for successful wine grape 
production [9]. The wine grape industry relies on irrigation for approximately 86% of its 
output [10]. Supply and management of irrigation water is important for the 
manipulation of vine growth and productivity required to produce a grape quality 
meeting winery expectations. Irrigation is also important in many regions for managing 
climatic risks such as frosts in cool climates, or elevated vineyard floor temperatures in 
warmer regions [9]. 
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Table 2. Summary of vineyard distribution and outputs in Australia in 2002. Source: [8}. 
State Total area of Total grape Yield (tlha) 
vines (ha) production (t) 
South Australia 67039 697750 11.5 
Victoria 38653 514119 14.7 
New South Wales 37381 452297 13.3 
Western Australia 11381 69981 6.8 
Queensland 2312· 12375 5.9 
Tasmania 1167 3148 3.5 
Australia 158594 1 753888 12.2 
The success of the Australian wine industry is attributed to the production of wines 
with quality, consistency and value for money. All of these factors require production of 
grapes that meet yield and quality specifications. As yield and quality are strongly 
influenced by irrigation practices, the quality, and reliability of supply of irrigation water 
are a high priority for the industry [9]. 
The utilization of recycled water for irrigation within the viticultural industry has 
been limited to date, but is gaining interest, as is the use of winery wastewater. Wineries 
typically produce between one to three megalitres of wastewater for every 1000 tonnes 
of grapes crushed [11]. The limited adoption of these practices to date is due partly to the 
uncertainty surrounding the effects of this type of irrigation on both grape quality and' the 
long-term sustainability of the vineyard [9]. 
A recycling scheme exists in Tanundra, in South Australia, whereby recycled 
municipal water is provided to vineyards in the Barossa Valley for irrigation purposes. 
The arrangement was formalised in late 1993, when wastewater discharges to the North 
Para River were no longer licensed [12]. 
The Willunga Basin, south of Adelaide, is a significant viticultural region, 
incorporating the McLaren Vale wine region. With sufficient suitable land for new 
vineyard development, the lack of available water was limiting expansion. Water 
resources in the region are dominated by groundwater resources which became subject to 
licensing in 1991. Surface water resources in the basin are neither sufficiently reliable 
nor accessible [13]. 
In response to this a group of predominantly winegrape growers formed the 
Willunga Basin Water Company and funded the development of the Willunga Basin 
Pipeline. The pipeline delivers treated municipal wastewater from the Christies Beach 
Wastewater Treatment Plant to some of the nation's major winegrape growers, smaller 
growers, and olive producers, and in 2002 was delivering around 3000ML/year to 60 
customers. The pipeline project has also resulted in the expansion of production in the 
basin [14]. 
In the Great Western wine growing region of Victoria, vineyard expansion was 
severely limited due to a lack of available water for irrigation. The local water authority, 
Grampians Water, developed a scheme whereby it would deliver 600ML/yr of treated 
municipal wastewater from the nearby town of Ararat to vineyards in the region. This 
additional water source allowed vineyard capacity in the region to double, whilst at the 
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same time allowed cessation of wastewater discharges into a major river system [15]. 
Research is underway in this region to determine the impacts of recycled water irrigation 
of these vineyards on the sustainability of the soils, and the health of the vines. 
Identification of appropriate row management strategies for sustainable vineyard 
management under these irrigation practices is also being investigated. 
Potential benefits from the use of recycled water for 
irrigation 
The potential benefits of recycling wastewater for irrigation purposes include: 
• Potential savings in the cost of treatment and disposal of a "waste product" for the 
water authorities. Discharge of wastewaters to surface waters or groundwaters 
requires advanced treatment levels to reduce pathogen and nutrient levels [16]. 
Depending on the proposed land-based application, such advanced treatment may 
not be required. 
• Reduction of waste discharges into surface waters, which will mean a significant 
reduction in the input of nutrients and other solutes into natural waters [17]. This has 
the potential to reduce incidents of eutrophication [18], which not only benefits the 
environment, but other users of surface water resources. 
• . Reduced pressures on natural water sources making them available for 
environmental purposes and other users of the water [19]. An audit of Australia's 
land and water resources in 2002 revealed that 26% of Australia's surface water 
management areas were close to or overutilised when sustainable flow regimes were 
considered, while approximately 30% of groundwater management units were fully 
or over-allocated [20]. 
• Reduced pressures on the potable supply. If sufficient water is recycled, this may 
result in the deferment of additional infrastructure such as new reservoirs. Not only 
is construction very costly but the impacts to the environment in terms of the value 
of the land lost, and the modification of the river ecosystem are significant [21]. 
• Capacity to supplement a potentially costly and limited primary water source. The 
expansion of many agricultural enterprises is limited by the availability of water 
supply. Examples of this can be seen in the Great Western district of Victoria [15] 
and the Willunga Basin in South Australia [13,14]. 
• Coupled with this is the benefit of the reliability of supply, both in terms of quantity 
and quality. With Australia's variable and dry climate, reliability of supply is of 
paramount importance. 
• Potential reduction in the use of chemical fertilizers. Effluents typically contain 
essential nutrients for plant growth [22], thus reducing reliance on the addition of 
chemical fertilizers. This presents a potentially significant cost saving to the 
industry utilizing recycled water. 
Potential impacts of irrigation with recycled water 
Irrigation with wastewater may result in deleterious impacts to the environment, and 
to primary production. These impacts are associated with constituents of the wastewater 
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such as soluble salts, nutrients, organic substances, and specific ions including trace 
elements and heavy metals [6]. 
Soil salinity 
Sewage effluents typically have a medium to high salinity (EC of 0.6 to 1.7 dSlm), 
[23], while the salinity of winery wastewaters can vary between vintage (Ee of 1.5 to 3.5 
dSlm) and non vintage (BC of 0.9 to 1.3 dS/m) [24]. The soluble salts contained within 
wastewaters can accumulate in soil within the rootzone, resulting in saline soils, defined 
as having elevated levels of the chloride and sulphate salts of sodium, potassium, 
calcium and magnesium. This can result in impeded plant growth and land degradation 
[6]. 
The predominant impact of elevated salts in the soil is the increase in osmotic 
pressure, which makes extraction of water by plant roots difficult, leading to moisture 
stress and reduced productivity [25,26]. Salinity stress in grapevines can result in a 
reduction in the photosynthetic rate, decreased root and shoot vigour, leaf burn, 
decreased yields, and possibly plant death [27]. 
Irrigation of a timber plantation in Wagga Wagga, NSW with treated municipal 
effluent resulted in significant salt accumulation in the soil profile. Application of water in 
excess of the plants requirements was required to leach the salts from the root zone [28]. 
For any irrigation system to be sustainable, leaching must occur to prevent salt 
accumulation in the root zone. The amount of water applied in excess of plant 
requirements to facilitate drainage below the rootzone is referred to as the leaching 
fraction (LF). The dilemma this creates however, is that leaching can lead to the 
contamination of groundwater by the leached salts, as well as the other constituents of 
the wastewater [28,29]. 
The effects of irrigating grapevines with sewage effluent have been investigated in a 
vineyard near Angle Vale, South Australia [30]. These studies compared regular 
irrigation practices (45L effluent/week) with increased irrigation rates of both effluent 
water (l35L/week) and mains water (135L1week), with the aim of determining wliether 
the vines could benefit from higher application rates. The results of this study indicated 
that the increased water allocation resulted in increased yield, regardless of the water 
quality, although fruit composition indicated little predicted effect on wine quality. Soil 
salinity profiles beneath the two effluent treatments indicated that the increase in 
irrigation volume allowed for leaching of salts away from the dripper zone. This allowed 
the vines to absorb more water, and hence resulted in increased vigour and yield [30]. 
Vineyard trials in the Riverland-Sunraysia region using saline irrigation water 
reported significant declines in yield, pruning weights, and berry weights within four 
seasons of irrigation with water having an Ee of 3.5 dSlm [27]. Subsequent 
investigations reported that significant increases in the concentration of sodium and 
chloride in the leaves of vines, coupled with reduced yields, were the result of salts not 
being leached beyond the rootzone [31]. 
Soil sodicity 
As distinct from the salinity hazard of wastewater, there is also a hazard associated 
with high concentrations of sodium in the irrigation water, defined as the sodicity 
hazard. 
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The definition of a sadie soil has traditionally been based upon chemical properties 
of the soil and soil solution, namely the exchangeable sodium percentage (ESP) of the 
soil, and the sodium absorption ratio (SAR) of the soil solution or applied water. ESP is 
defined as the saturation of the soil exchange complex with sodium relative to the other 
cations present, and can be calculated according to equation 1 (concentrations are in 
meq/lOOg) [32J: 
ESP = (100 x exchangeable Na) / L (exchangeable Ca + Mg + K + Na + AI) (1) 
The SAR of the irrigation water refers to the ratio of sodium ions to calcium and 
magnesium ions, and is calculated according to equation 2 (concentrations are in 
mmollL) [32J. 
(2) 
The ESP of the soil can be inferred from the SAR by means of equations however, the 
relationship varies according to the soil solution ratios used to define ESP. In Australia, 
1:5 soil water extracts have been used to determine ESP, and hence the relationship is 
defined according to equation 3 [33]. In the US, the relationship is based on saturated 
paste extracts, and hence is defined according to equation 4 [34]. 
ESP= 1.95 x SAR(1:5) + 1.8 
ESP = 1.475 x SAR(SaturatedExtract) / (1 + 0.0147 x SAR(SaturatedExtract») 
(3) 
(4) 
The US Salinity Laboratory Staff [34] proposed an ESP value of 15 or gr~ater defined a 
soil as sodic, whereas researchers in Australia defined a sodic soil as one that had an 
ESP of 6 or more [35J. These definitions were derived from hydraulic conductivity 
measurements using tap waters of differing electrolyte concentrations [32]. 
Another method proposed to define a soil as sodic is by it's behaviour rather than its 
composition [36]. Justification for this approach is found in situations whereby a soil is 
classified as sodic due to its chemical composition (ie ESP), but does not exhibit the 
typical behavioural problems of a sodic soil. Examples of this include sadie soils which 
are irrigated with waters having high electrolyte concentrations [37], sodic soils which 
have soluble Ca:Mg ratios greater than 1 [38J, and sadie soils with subplastic B horizons 
in the Riverine Plain of SE Australia [39]. Likewise, soils that are not defined as sodic in 
the traditional sense can exhibit sodie characteristics [40J. 
The mechanisms by which soil sodicity affects soil physical behaviour are well 
described in the literature (eg. 25, 26, 32). Sodium promotes the dispersion of particles 
of the clay sized fraction, and hence sodium affected soils can exhibit weak structural 
stability and low hydraulic conductivities and infiltration rates. Reduced infiltration rate 
results in increased surface runoff and erosion [26]. 
The adverse soil physical conditions described above make sadie soils difficult to 
manage. Constraints to productivity on sadie soils include poor plant establishment, 
exposure of plants to anoxic conditions during periods of waterlogging, water stress due 
to poor infiltration of water into the rootzone, reduced rooting depth, and nutritional 
constraints which encompass both deficiencies and toxicities [41]. 
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Sewage effluents typically have a high proportion of sodium relative to other cations 
(SAR range of 4.5 to 8.0) [22], whilst the SAR of winery wastewaters is also high, 
varying little between vintage (SAR = 8) and non-vintage (SAR = 9) [24]. By Australian 
measures [35] these water sources have the potential to cause sodicity problems in 
receiving soils if not managed appropriately. 
Australia has the largest areal extent of sodic soils of any continent, with 340 million 
hectares of land though to be affected [42]. A significant proportion of vineyards in 
South Australia, New South Wales, and Victoria have been established on soils with 
sodic subsoils [43], therefore the use of recycled water containing high proportions of 
sodium will require careful management. 
As an example, after five years of effluent irrigation in a timber plantation in Wagga 
Wagga, New South Wales, the soil ESP was found to have increased from <2% to >25% 
in the surface 0.6m As a result, the soils displayed an increased tendency to disperse, 
potentially making the land unsuitable for future uses that involved disturbance or 
cultivation of the soil [17]. 
Organic matter 
Organic matter (OM) in the suspended or colloidal form can be beneficial in terms 
of soil nutrient status and soil moisture retention. The decomposition of OM however, 
can result in the release of salts, nutrients, and metals into the soil [6]. 
Dissolved forms of OM (measured as BOD) can be deleterious to plant growth, due 
to the lack of oxygen created by microbial breakdown, particularly in poorly drained 
soils. In addition to this, organic polymers present in wastewater can complex Ca2+ and 
Mg2+ ions, and in doing so increase the sodium absorption ratio of the irrigation water 
[6]. Organic matter will be discussed in more detail in Part II. 
Nutrients - Nitrogen and phosphorus 
As a major plant nutrient, the presence of nitrogen in irrigation water provides for 
plant growth, and can decrease the reliance on chemical fertilizers [19]. When present in 
excess of plant requirements, however, the inorganic, reactive forms of nitrogen, namely 
NH3 (which dissolves to form NH/), N02-, and N03- , become potential contaminants 
[18]. 
Ammonium (NH4 +) is held tightly on the negatively charged soil clay minerals and 
soil organic matter, and is therefore relatively immobile and harmless, and is also 
converted to N03- through the intermediate NO£. Nitrite (N02-) is usually not a 
contaminant threat, despite it's toxicity, as it generally has a relatively short half-life. 
Under certain conditions, such as high soil temperature or waterlogging, however, the 
oxidation of nitrite to nitrate can be impeded, resulting in accumulation and potential 
transport [18]. 
The conversion of ammonium to nitrate by nitrifying bacteria (nitrification) is a key 
process whereby nitrogen becomes mobilised. Nitrate is very soluble and does not 
become fixed to soil clay minerals due to its negative charge, and hence is prone to loss 
via leaching and runoff [18]. 
Both the inhibition of nitrite oxidation, and the leaching of nitrate to groundwaters, 
has been observed in soils under wastewater irrigation in the Mezquital Valley, Mexico 
[44]. 
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Nitrate contamination of groundwater has also been reported at a number of sites in 
South Australia where rural industry effluents are applied to agricultural land. These 
studies identified good relationships between the nitrogen load applied as irrigation, and 
the concentrations found in the groundwater [29]. 
Nitrate leaching from effluent irrigated pastures to groundwater resources has also 
been reported in Nowra, New South Wales. In addition to leaching losses, considerable 
accumulation of nitrogen and phosphorus in soils at Nowra, New South Wales has been 
observed [45]. 
Increased concentrations of nitrogen can result in excessive vigour of grapevines 
which is associated with reduced bud fertility and fruit set [46]. Excessive vigour also 
causes shading of fruit which can result in a wine with immature or "green" characters, 
an undesirable trait, particularly in red wine [9]. 
As with nitrogen, phosphorus is also a major plant nutrient, and hence its presence in 
irrigation water provides nutrition for plants. The transfer of phosphorus from 
agricultural soils has traditionally been associated with erosion processes and the 
transport of soil particulate phosphorus [47]. Subsurface pathways of phosphorus 
transport, including preferential flow, have been gaining increasing attention in recent 
times, due to the environmental problems associated with phosphorus in water [48]. 
Leaching of phosphorus from soils irrigated with wastewater in New Zealand was 
contributed to the phosphate retention capacity of the soil [22], and hence indicated that 
the phosphate retention characteristics of a soil have important implications for 
managing irrigation with nutrient-rich wastewaters. 
Trace elements 
Among the many elements in various forms of recycled water, the trace elements 
considered significant in terms of their potential toxicity to plants are copper, cadmium, 
nickel, and zinc [6]. 
Investigation of the heavy metals lead, copper, nickel and zinc in grapevines grown 
in contaminated soils identified uptake from the soil and transport into various 
aboveground parts of the plant. Within the perennial wood and annual shoots, metal 
concentrations were approximately 5-6 times higher than those found in vines from an 
unpolluted control site. Accumulation with age was observed, indicating that over time, 
concentrations of heavy metals in vines grown in contaminated soils will increase [49]. 
Vineyard monitoring 
A well designed monitoring program is an essential part of vineyard management, 
particularly where waters being used for irrigation may pose hazards to the vineyard 
environment and productivity. The unique chemical, physical and biological 
characteristics of different types of wastewater make each unique in terms of the 
potential benefits and hazards associated with their use. Hence management of recycled 
water irrigation must involve identification of the characteristics of irrigation water 
through a regular water quality monitoring program. As a guide, the Victorian 
Environment Protection Authority (EPA) have made recommendations for the types of 
tests required according to the type of wastewater being used (Table 3) [6]. Chapman et 
al [11] provide recommended benchmark values for irrigation with winery wastewaters 
which, if exceeded, will most likely lead to loss of vigour and yield. These values 
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Table 3. Recommended water quality monitoring requirements. Adapted from EPA [6]. 
Wastewater Source 
Parameter Food Sewage Processing 
p_H .,... ./ 
EC ./ ./ 
B ./ 
Ca, Mg Na, K ./ ./ 
CI ./ ./ 
. Suspended Solids ./ ./ 
Alkalinity ./ ./ 
BODs ./ ./ 
E. Coli ./ 
NH3-N ./ 
N03-N ./ ./ 
Org-N ./ 
TKN ./ ./ 
Total P ./ ./ 
Synthetics ./. ./ 
Metals Cu, Mo, Zn 
identify the key parameters of concern in winery wastewaters, namely salinity, nitrogen, 
phosphorus, organic matter (measured as BOD), and pH [11]. 
The results of the water quality monitoring can also be a useful guide towards to the 
soil parameters requiring monitoring, as soil monitoring is also a vital component of 
wastewater irrigation management. Parameters such as soil pH, electrical conductivity, 
exchangeable cations, nutrients (nitrogen, phosphorus, and potassium), and the sodium 
adsorption ratio are generally required as part of any monitoring program. Management 
indicators, or observations made within the vineyard are also useful indicators of the 
development of problems. Such indicators can include: 
• Surface ponding of irrigation water, as an indication of poor soil drainage and 
waterlogging. Other indicators of waterlogging also include poor vine growth and 
productivity. 
• Emergence of salt-tolerant species within the vineyard, coupled with evidence of 
poor plant growth may indicate the development of salinity andlor sodicity 
problems. 
• Evidence of nutritional disorders in vines, such as yellowing of leaves, may indicate 
the presence of toxicants in the soils such as metals, or nutrient imbalance problems 
[6]. 
Monitoring vine health and performance is also a vital component of vineyard 
monitoring. As an example, petiole analysis provides information about the nutrient 
status of grapevines at the time of flowering. Plant tissue analysis, including petiole 
analysis, has been developed to provide information on the nutrient status of plants, 
allowing identification of deficiency andlor toxicity problems, and thus providing a 
guide to nutrient management [50]. 
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The monitoring requirements mentioned in this chapter are just part of a total 
vineyard monitoring program. Vineyard monitoring can be labour intensive and time 
consuming. It is nevertheless vital for sustainable vineyard management. New 
technologies are arising that can provide large amounts of data with considerably less 
labour and time. These technologies have the potential to substantially improve the 
quality of a vineyard monitoring program, and also improve management practices 
significantly. 
Developments in technology for vineyard monitoring and 
management 
Developing Precision agriculture (P A) technologies have the potential to support the 
rapidly expanding viticultural industry in Australia. PA is not a new concept and has 
been applied to the dryland cropping industry for over a decade [51]. In contrast, the 
development of precision viticulture (PV) is still in its infancy with yield monitoring 
technology for wine grapes only becoming commercially available in Australia since 
1999 [52]. The concept of PV is cyclic in nature. The process generally involves an 
observation! data collection phase, followed by an interpolation and evaluation of the 
data acquired. This is then followed by an implementation phase of management 
decision in response, followed by further observation. 
Precision Viticulture systems enable the identification of variability. This variability 
can be manipulated to optimise the productive capacity of the land supporting the 
system. In the case of variability arising from the quality of irrigation water being 
applied, precision viticulture technology can allow for the rapid identification of 
potential problems, allowing for further investigations and altered management regimes 
where necessary. 
Research suggests that established vineyard blocks vary substantially in both the 
quality and quantity of wine grapes produced. PV has been shown to be a successful 
method for improving crop productivity [53]. This is undertaken by recognizing that the 
productivity of land varies in space and time. Yield mapping in the Clare Valley, 
Coonawarra, Padthaway and Riverland districts of South Australia and in the Sunraysia 
districts of Victoria during the 1999 and 2000 vintage indicated that variation can be 
expected to be at least 4 fold and more typically 8-10-fold [54]. The development of 
yield monitoring equipment presents grape and wine producers with the ability to tailor 
desired outputs with respect to yield, quality and environment. Variation leads to the 
opportunity of improving production by targeting problematic regions thus reducing 
variability and increasing economic potential of the crop. 
The advent of (PV) has also been facilitated by other technological developments 
and an increasing awareness of quality, environmental and risk management issues. The 
incorporation of EM38 electromagnetic-induction meter surveying, Remote Sensing 
(RS), Geographical Information Systems .(GIS) and Differential Global Positioning 
Systems (DGPS) in viticultural monitoring and management has led to the development 
of detailed geo-referenced databases. These databases can be queried, updated, 
manipulated and analyzed at field and regional scales for more precise vineyard 
management. 
One of the most important aspects of PV is defining spatial variability within study 
regions. This is made possible by geo-referencing data through the use of DGPS and· 
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enables the spatial capture of environmental parameters at a sub cm scale. The analysis 
of this data in conjunction with other data sources (yield, quality, market prices), in a 
Decision Support System (DSS) can surmise management practices to improve 
production per unit effort. whilst ensuring minimal impact to the vineyard environment. 
The ability to overlay multiple layers of information in a GIS has been instrumental to 
the development of PV and the identification of problematic regions. Traditional 
statistical approaches and sampling designs alone tend to reduce complexity and 
constrain spatial variability. This is because traditional sampling strategies are often 
sufficiently costly and labour intensive to reduce sample collection capacity. The use of 
GIS technologies involving the quantitative expression of spatially consistent data 
provides advanced analytical capabilities and the ability to address complex systems in 
entirely new ways. 
,Another promising recent technological development is the use of EM38 sensor . 
[55,56]. This sensor measures the bulk electrical conductivity of soils and has been used 
to infer soil salinity [55,57] as well as a range of physical properties such as clay content, 
texture contrast and soil water holding capacity [58]. Traditionally surveys were 
conducted by recording EM38 reading on strategic points in a predetermined grid. The 
development of DGPS technologies has allowed the use of the EM38 in a continuous 
fashion between rows in an attempt to maximise coverage of a block. Areas between 
readings can be interpolated using existing GIS techniques such as Inverse Distance 
Weighting (IDW) or Kriging to interpolate a full coverage. While outputs may show 
high variability, ground truthing is an essential step in assessing the accuracy of 
delineations. Previous data analysis has identified operational problems in soils with 
high iron content. Steel star pickets used for fencing have also been identified as 
problematic causing "spiking" of data if not identified. In the future EM38 analysis may 
become mainstream in vineyard management, providing useful information for tailoring 
irrigation management and soil health. 
Along with the use of EM38 sensors, there is also a growing interest in the use of 
Remote Sensing (RS) to improve vineyard management [56,59,60]. Remote sensing is 
defined as the science or art of gathering information about an object. area or 
phenomenon through the analysis of data acquired by a sensor that is not in direct 
contact with the target of investigation [61]. Remote sensors usually record 
electromagnetic radiation (EMR) directly through the vacuum of space or indirectly by 
reflection or radiation to the sensor [62J. Changes in the amount and the properties of the 
EMR become a valuable source of data for interpreting important properties of 
phenomena with which they interact. The main focus for vineyards management has 
been airborne digital multispectral and hyperspectral systems [59,60]. Investigations 
using Multi-spectral imagery in the Coonawarra district indicate that imagery obtained 
two months before harvest can be enhanced to delineate properties such as plant vigour 
and plant cell density, demonstrating the potential for imagery to be used as a yield map 
surrogate. However it is recognized that more work is required to identify seasonal and 
atmospheric variations involved in the analysis of multi-temporal imagery and 
calibration techniques. Hyperspectral systems have the advantage of higher spectral 
resolution (often in the hundreds of bands), This technology is likely to be further 
enhanced in the future, with toe identification of bands, band combinations, and ratios 
which may aid in the management and identification of pest, diseases and irrigation issues. 
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Conclusions 
As competition for water resources continues to grow, the utilization of recycled 
waters for purposes such as irrigation of vineyards is likely to increase. While there are 
no doubt many benefits to be recognized from such practices, users and managers need 
to also be aware of the potential for deleterious impacts. Monitoring will be vital to 
sustainable management of vineyards using recycled water. Adoption of recent 
technologies will compliment and expand existing monitoring programs, and provide 
new opportunities in the future as these technologies advance. 
References 
1. Gleick PH (2000) The world's water 2000-2001: the biennial report on freshwater resources.' 
(Island Press, Washington, DC, USA). 
2. UN (1997) 'Comprehensive assessment of the freshwater resources of the world.' 
(Commission for Sustainable Development, Stockholm Environment Institute, Stockholm, 
Sweden). 
3. ShikIomanov LA (1998) 'Assessment of water resources and water availability in the world.' 
Report for the Comprehensive Assessment of the Freshwater Resources of the World, United 
Nations. 
4. Radcliffe J (2003) An overview of water recycling in Australia - results of the recent ATSE 
study. In Water Recycling Australia. 2nd National Conference. 1-3 September 2003'. 
Brisbane. (Eds T Gardner and D McGarry). (Australian Water Association and Stormwater 
Industry Association Inc.) 
5. Anonymous (1988) Environment Protection Act 1970. State Environment Protection Policy-
Waters of Victoria.' (VGPO Melbourne) 
6. EPA (1991) 'Guidelines for wastewater irrigation.' Publication 168. Environment Protection 
Authority, Victoria. 
7. Gregory GR (1988) Development and status of Australian viticulture. In 'Viticulture. Volume 
1: resources'. (Eds BG Coombe and PR Dry). (Winetitles, Adelaide SA). 
8. ABS (2002) 'Australian wine and grape industry (cat no. 1329.0).' Australian Bureau of 
Statistics. 
9. Small G (2003) The importance of effluent reuse to the Australian wine industry. In Water 
Recycling Australia. 2nd National Conference. 1-3 September 2003', Brisbane. (Eds T 
Gardner and D McGarry). (Australian Water Association and Stormwater Industry 
Association Inc.). 
10. Thomas JF (1999) Water and the Australian economy: a joint study project of the Australian 
Academy of Technological Sciences and Engineering and the Institution of Engineers, 
Australia.' (Australian Academy of Technological Sciences and Engineering). 
11. Chapman J, Baker P, Wills S (2001) Winery wastewater handbook: production, impacts and 
management.' (Winetitles, Adelaide, SA.) 
12. Martin P (1996) Re-use of sewage effluent. Water 23 (2) 26-27. 
13. Gransbury J (2000) The Willunga Basin pipeline - stage 1. In '2000 National Conference and 
Exhibition proceedings : water, essential for life, Melbourne Exhibition and Convention 
Centre, 23-25 May 2000/ Irrigation Association of Australia', (Ed. GJ Connellan) 
14. Davis C (2002) Wastewater reuse on vineyards. The Australian and New Zealand 
Grapegrower and Winemaker 46760-61. 
15. Grampians Water (2002) Grampians Water wastewater reuse. http://www.grampianswater.org.au/ 
environmental_managementiwaste_watecreuse.shtmlAccessed January 2004. 
16. EPA (2003) 'Guidelines for environmental management: use ofrec1aimed water.' Publication 
464.2. Environment Protection Authority, Victoria. 
430 Karen Hermon et al. 
17. Balks MR, Bond WJ, Smith CJ (1996) Effects of sodium accumulation on soil physical 
properties under an effluent-irrigated plantation. In Land application of wastes in Australia 
and New Zealand: research and practice.' Proceedings of Technical Session 14, Australian 
Conference 29 September - 4 October 1996. (Eds PJ Polgase and WM Tunningley) pp. 195-
200. (CSIRO Forestry and Forest Products on behalf of the NZ Land Treatment Collective.) 
18. Hatch D, Goulding K, Murphy D (2002) Nitrogen. In 'Agriculture, hydrology and water 
quality'. (Eds PM Haygarth and SC Jarvis). (CABI Publishing: Oxon, UK) 
19. Asano T, Levine AD (1996) Wastewater reclamation, recycling and reuse: past present and 
future. Water Science and Technology 33 (10-11) 1-14. 
20. NLWRA (2002) 'Australia's natural resources: 1997 - 2002 and beyond.' (National Land and 
Water Resources Audit). 
21. PMSEIC (2003) Recycling water for our cities. (paper prepared by independent working 
group fro Prime Minister's Science, Engineering and Innovation Council). 
http://www.dest.gov.au/science/pmseic/documents/Recyclingwaterforourcities.pdf Accessed 
January 2004. 
22. Magesan GN, Dalgety J, Lee R, Luo J, van Oostrom AJ (1999) Preferential flow and water 
quality in two New Zealand soils previously irrigated with wastewater. Journal of 
Environmental Quality 28 1528-1532. 
23. Feigin A, Ravina I, Shalhevet J (1991) 'Irrigation with treated sewage effluent. Management 
for environmental protection.' (Springer-Verlag. Berlin, Germany). 
24. Chapman (1995) Land disposal of winery and distillery wastewaters. The University of 
Adelaide. 
25. Sumner ME, Naidu R (Eds) (1998) 'Sodic soils: distribution, properties, management, and 
environmental consequences.' Topics in Sustainable Agronomy. (Oxford University Press, 
Inc. New York, USA.) 
26. Sumner ME, Rengasamy P, Naidu R (1998) Sodic soils: a reappraisal. In 'Sodic soils: 
distribution, properties, management, and environmental consequences'. Topics in Sustainable 
Agronomy. (Eds ME Sumner and R Naidu). (Oxford University Press: New York). 
27. Stevens RM, Harvey G, Partington DL, Coombe BG (1999) Irrigation of grapevines with 
saline water at different growth stages. 1. Effects on soil, vegetative growth, and yield. 
Australian Journal of Agricultural Research 50 343-355. 
28. Smith CJ, Snow VO, Bond WJ, Falkiner RA (1996) Salt dynamics in effluent irrigated soil. In 
'Land application of wastes in Australia and New Zealand: research and practice.' Proceedings 
of Technical Session 14, Australian Conference 29 September - 4 October 1996. (Eds PJ 
Polgase and WM Tunningley) pp. 175-180. (CSIRO Forestry and Forest Products on behalf of 
the NZ Land Treatment Collective.) 
29. Dillon P, Schrale G, Emmett A, Schmidt L, Lawson J, Bleby T (1996) Wastewater irrigation 
at sites in southern Australia and the adequacy of guidelines for groundwater quality 
protection. In 'Land application of wastes in Australia and New Zealand: research and 
practice.' Proceedings of Technical Session 14, Australian Conference 29 September - 4 
October 1996. (Eds PJ Polgase and WM Tunningley). (CSIRO Forestry and Forest Products 
on behalf of the NZ Land Treatment Collective.) 
30. McCarthy MG (1981) Irrigation of grapevines with sewage effluent. 1. Effects on yield and 
petiole composition. American Journal of Enology and Viticulture. 32 (3) 189-195. 
31. Stevens RM, and Walker, R.R. (2002) Response of grapevines to irrigation-induced salinity-
sodic soil conditions. Australian Journal of Experimental Agriculture 42 323-331. 
32. Sumner ME (1993) Sodie soils: new perspectives. Australian Journal of Soil Research 31 
683-750. 
33. Rengasamy P, Greene RSB, Ford GW, Mehanni AH (1984) Identification of dispersive 
behaviour and the management of red-brown earths. Australian Journal of Soil Research 22 
413-31. 
Effluent irrigation. I. Issues and monitoring 431 
34. USSLS (1954) Quality of irrigation water. In Diagnosis and improvement of saline and alkali 
soils. Agriculture Handbook 60.' (Ed. LA Richards) pp. 69-82. (U.S Department of 
Agriculture, Washington, D.C.) 
35. Northcote KH, Skene lKM (1972) Australian soils with saline and sodic properties. 'CSIRO 
Australia Soil Publication 27.' 
36. Rengasamy P, Churchman Gl (1999) Cation exchange capacity, exchangeable cations and 
sodicity. In 'Soil analysis: an interpretation manual.' (Eds KI Peverill, LA Sparrow and Dl 
Reuter). (CSIRO Publishing, Melbourne) 
37. Quirk IP, Schofield RK (1955) The effect of electrolyte concentration on soil permeability. 
Journal of Soil Science 6 163-178. 
38. Rengasamy P, Greene RSB, Ford GW (1986) Influence of magnesium on aggregate stability 
in sodic Red-brown Earths. Australian Journal of Soil Research 24 229-237. 
39. Isbell RF (1996) The Australian Soil Classification. Revised Edition.' (CSIRO Publishing, 
Collingwood, Vic.) 
40. Vance WH, McKenzie BM, Tisdall 1M (2002) The stability of soils used for cropping in 
northern Victoria and southern New South Wales. Australian Journal of Soil Research 40 
615-624. 
41. Ford GW, Martin 11, Rengasamy P, Boucher SC, Ellington A (1993) Soil sodicity in Victoria. 
Australian Journal of Soil Research. 31 869-909. 
42. FAO (1988) Soil map of the world. Revised legend. World Soil Resources Report 60. Food 
and Agriculture Organization, Rome, Italy. 
43. Northcote KH (1988) Soils and Australian viticulture. In Viticulture. Volume 1: Resources'. 
(Eds BG Coombe and PR Dry). (Winetitles. Adelaide, SA) 
44. Gallegos E, Warren A, Robles E, Campoy E, Calderon A, Sainz MG, Bonilla Pa, Escolero 0 
(1999) The effects of wastewater irrigation on groundwater quality in Mexico. Water Science 
and Technology 40 (2) 45-52. 
45. Lawrie R (1996) Irrigation impacts at Nowra. Water 23 (4) 32-35. 
46. Robinson JB (1998) Grapevine nutrition. In Viticulture. Volume 2, practices'. (Eds BG 
Coombe and PR Dry). (Winetitles, Adelaide, SA). 
47. Leinweber p, Turner BL, Meissner R (2002) Phosphorus. In 'Agriculture, hydrology and 
water quality'. (Eds PM Haygarth and SC Jarvis). (CABI Publishing: Oxon, UK). 
48. Turner BL, Haygarth PM (2000) Phosphorus forms and concentrations in leachate under four 
grassland soil types. Soil Science Society of America Journal 64 1090-1097. 
49. Angelova VR, Ivanov AS, Braikov DM (1999) Heavy metals (Pb, Cu, Zn, and Cd) in the 
system soil- grapevine - grape. Journal of the Science of Food and Agriculture 79 713-721. 
50. Smith, FW, Loneragan, JF (1997) Interpretation of plant analysis: concepts and principles. In 
'Plant analysis: an interpretation manual. Second Edition'. (Eds DJ Reuter and IB Robinson). 
(CSIRO Publishing, Melbourne). 
51. Robert, PC, Rust, RH, Larson, WE (Eds). (1993) Proceedings of the first workshop on soil-
specific crop management. A workshop on research and development issues. April 14-16, 
1992. ASA-CSSA-SSSA, Madison, WI. 
52. Bramley, RGV, Proffitt, APB (1999) Managing variability in viticulture production. The 
Australian Grapegrower and Winemaker. 427 11-16. 
53. Bramley, RGV (2001) Variation in the yield and quality of wine grapes and the effect of soil 
property variation in two contrasting Australian vineyards. Proceedings of the 3rd European 
conference on Precision Agriculture, Montpellier, France. 
54. Bramley, RGV, Proffitt, APB, Comer, Rl, Evans, TD (2000) Variation in grape yield and soil 
depth in two contrasting Australian vineyards. In Soil 2000: New Horizons for a New 
Century. Australian and New Zealand Second Joint Soils Conference. Volume 2: Oral papers 
(Eds. Adams, lA and Metherell, AK) 3-8 December 2000, Lincoln University. New Zealand 
Society of Soil Science. 29-30. 
432 Karen Hermon et al. 
55. Evans, T (1998) Mapping vineyard salinity using electromagnetic surveys. The Australian 
Grapegrowerand Winemaker. 41520-21. 
56. Lamb, DW, Bramley, RGV (2001) Managing and monitoring spatial variability in vineyard 
variability. Natural Resource Management. In Press. 
57. Williams, BG, Baker, GC (1982) An electromagnetic induction 'technique for reconnaissance 
surveys of soil salinity hazards. Australian Journal of Soil Research. 20107-118. 
58. McKenzie, DC (2000) Soil survey prior to vineyard design. The Australian Grapegrower and 
Winemaker. 438a 144-151. 
59. Arkun, S, Honey, F, Johnson, L, Lamb, DF, Lieff, W, Morgan, G (2001). Airborne remote 
sensing of the vineyard canopy. In: Lamb, D (Ed) Vineyard monitoring and management 
beyond 2000- Final report on a workshop investigating the latest technologies for monitoring 
and managing variability in vineyard productivity. Cooperative Research Centre for 
Viticu1ture/ National Wine and Grape Industry Center, Charles Sturt University, Wagga 
Wagga. 
60. Lamb, DW (1999) Monitoring vineyard variability from the air. Australian Viticulture 3 (6) 
22-23 
61. Ritchie, JC, Rango, A (1996) Remote sensing applications to hydrology: introduction. 
Hydrological Sciences Journal. 41(4) 429-432. 
62. Jenson, J R (1996). Introductory Digital Image Processing: A Remote Sensing Perspective. 
Prentice Hail, New Jersey. 
